INTRODUCTION
Recent publications have shown that microbial colonization during early life is a dynamic process in mammals, which plays important roles in host immune system development (Wang et al. 2010; Mulder et al. 2011) , health (Francino 2014 ) and gut maturity (Yu et al. 2016) . However, research on gut microbiota of neonatal ruminants is still scarce. The gastrointestinal tract bacterial composition differs between mucosa and digesta communities as well as among different gut regions of neonatal calves (Malmuthuge, Griebel and Guan 2014) . Meanwhile, our recent study has revealed a diversely colonized bacterial community in the hindgut of calves at birth and its compositional changes with age and diet (Song et al. 2018) . It has also been reported that fecal microbiota of calves is age and growth dependent (Uyeno, Sekiguchi and Kamagata 2010; Klein-Jöbstl et al. 2014) and its composition is associated with pre-weaned calf health (Oikonomou et al. 2013) .
Colostrum administration to newborn calves immediately after birth is recommended in all North America dairy farms due to its abundant nutritional, and immune components (Foley and Otterby 1978; Godhia and Patel 2013) . Calves are born agammaglobulinemic (Godden 2008) , and therefore passive transfer of immunoglobulin G (IgG) via colostrum prevents calves from the development of sepsis (Besser and Gay 1985) . In addition, feeding colostrum inhibits colonization of pathogens (Corley et al. 1977) and promotes colonization of beneficial bacteria in the small intestine (Malmuthuge et al. 2015) ,weight gain (Swanson and Gorman 1967; Hammon et al. 2002) and intestinal development (e.g. villus circumference, height and epithelial cell proliferation) (Roffler et al. 2003) of neonatal calves. Poor hygiene practices during colostrum handling increase microbial contamination, leading to increased intake of pathogens by neonatal calves (Morrill et al. 2012) . Thus, feeding heated colostrum has became popular recently as a method to prevent microbial contamination in the fresh colostrum. Heat treatment (usually at 60
• C for 60 min) not only eliminates the potential pathogens such as Mycoplasma bovis, Listeria monocytogenes, Escherichia coli O157:H7 and Salmonella. enteritidis in colostrum (Godden et al. 2006) , but also increases the transfer of passive immunity (Johnson et al. 2007) . Additionally, feeding heated colostrum enhanced Bifidobacterium and inhibited E. coli colonization in the ileum of calves during the first 12 h of life (Malmuthuge et al. 2015) . Enhanced colonic Bifidobacterium colonization was also observed in dairy calves at 51 h of life (Fischer et al. 2018a) , which is due to the more available oligosaccharides, the substrate for their growth, in heated colostrum compared to non-heated colostrum (Fischer et al. 2018b) . However, how the colostrum management (either non-heated or heated) affects the neonatal dairy calves' gut microbiota during early life is unknown. Colon, as part of large intestine, is an important gut region where harbours a higher diverse population of bacteria in neonatal calves (Smith and Williams Smith 1965; Song et al. 2018) . Moreover, the colon microbiota plays an important role in the hindgut fermentation (Song et al. 2018) , immune system development (Malmuthuge et al. 2012 ) and health (Chanter et al. 1986; Moxley and Francis 1986 ) of calves. Therefore, in this study, we aimed to identify the effect of differing colostrum feeding strategies (no colostrum, NC; non-heated colostrum, FC; heated colostrum, HC) on the colon microbiota of dairy calves within 12 h of life.
MATERIALS AND METHODS

Preparing colostrum
The procedures for colostrum collection and the animal trial were described by Malmuthuge et al. (2015) . Briefly, before the animal trial, ∼48 L colostrum with IgG concentration ≥50 mg/mL (measured at room temperature with hydrometer) was collected from 16 Holstein dairy cows at Dairy Research and Technology Center (DRTC), University of Alberta (Edmonton, Canada). The colostrum collection lasted for 3 months and it was stored at −20
• C immediately after each collection. The frozen colostrum (∼48 L) were then thawed completely at 4
• C for ∼24 h, pooled and mixed thoroughly. Half of the colostrum (24 L) was pasteurized (60 • C for 60 min) using pasteurizer DT 10G (Dairy Tech Inc., Greeley, CO) to obtain heated colostrum. The heated colostrum (∼24 L) and the remaining half (∼24 L) of non-heated colostrum were aliquoted into 1 L plastic freezer bags and stored at −20 • C prior to the animal trial.
Animal experiment and sample collection
The animal experiment was conducted at the DRTC, University of Alberta following the approved protocols of the experiment by Livestock Care Committee of the University of Alberta (AUP00001012). The neonatal Holstein bull calves were separated from dams immediately after birth, and transferred to individual pens, following navel disinfection with 7% iodine. In total, 32 Holstein bull calves with birth weight (42.79 ± 0.56 kg) were randomly divided into three treatment groups: fed with non-heated colostrum (FC, n = 12), fed with heated colostrum (HC, n = 12) and no colostrum feeding (NC, n = 8). Colostrum (FC or HC) was thawed at ∼37
• C using a water bath and the calves were fed 2 L colostrum within 1 h after birth using bottle feeding. Calves were humanely euthanized at either 6 h (NC, n = 4; FC, n = 6; HC, n = 6) and 12 h (NC, n = 4; FC, n = 6; HC, n = 6) after birth, respectively. Colon tissue and digesta samples were collected within 30 min after euthanasia following the procedures reported by Song et al. (2018) . Briefly, colon was defined as 30 cm distal to the ileocecal junction, and 10-cm long colon segment was identified and ligated using table ties to prevent the flow of luminal content. Colon tissue and its contents were snap-frozen together (without separation) in the liquid nitrogen and stored at −80
• C for future analysis.
DNA isolation
After the colon sample was thawed, the tissue and contents were separated on a petri dish kept on the ice. DNA extraction was performed using the modified repeated bead-beating and column method (Yu and Morrison 2004) . Briefly, digesta (∼0.5 g) and tissue (0.1∼0.2 g) were mixed with 1 mL lysis buffer and were physically disrupted using BioSpec Mini Beads beater 8 (BioSpec, Bartlesville, OK). Following beads beating, samples were incubated at 70
• C for 15 min and the supernatant was collected through centrifugation, and this step was repeated once. Genomic DNA was then precipitated using 10 M ammonium acetate and isopropanol following the purification using QIAamp fast DNA stool mini kit (QIAGEN Inc. CA, USA). The quantity and quality of the extracted DNA was assessed using a NanoDrop 1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA).
Estimation the abundance of total bacteria and selected bacterial groups using quantitative real-time PCR
The abundances of mucosa-and digesta-associated total bacteria, Bifidobacterium, Escherichia coli, Faecalibacterium prausnitzii and Clostridium cluster XIVa were quantified through estimating the copy number of the respective targeted 16S rRNA genes using quantitative real-time PCR (qPCR) with SYBR green chemistry (fast SYBR green master mix, Applied Biosystems) and group specific primers (Supplementary Table 1 ). The copy number of 16S rRNA gene of mucosa-and digesta-associated bacteria per gram (copy number/g sample) was calculated using the equation described by Li et al. (2009) . In addition, the proportion of each bacterial group was calculated by dividing the copy number of each bacterial group with that of total bacteria. Four bacterial groups including Bifidobacterium, Clostridium cluster XIVa, F. prausnitzii and E. coli were plotted under different colostrum treatments (NC, FC and HC) and time points (6 h and 12 h) using PCA biplot diagram in R (R package 3.3.1).
Profiling colon microbiota using amplicon-sequencing
Amplicons for sequencing were generated with universal primers 27F and 1492R (27F: 5 -AGAGTTTGATCMTGGCTCAG-3 , 1492R: 5 -TACGGYTACCTTGTTACGACTT-3 ) (Weisburg et al. 1991) to amplify the full length 16S rRNA gene first, and then followed by a second PCR amplification using primer 27F and 515R (Bac9F-CS1F: ACACTGACGACATGGTTCTACA-GAGTTTGATCMTGGCTCAG, 515R-CS2R: TACGGTAGCAGA-GACTTGGTCTCCGCGGCKGCTGGCAC) (Kroes, Lepp and Relman 1999) containing pyrotags, targeting V1-V3 hypervariable region of 16S rRNA gene. The PCR products were purified with QIAEX II gel extraction kit (Qiagen Science, MD, USA). The quality and quantity of purified amplicon was evaluated using NanoDrop 1000 (NanoDrop Technologies, Wilmington) 
Sequence data analysis
Sequence data was analyzed using QIIME 1 (Quantitative Insight into Microbial Ecology) (Caporaso et al. 2010) following the pipeline published by Li et al. (2016) . Briefly, forward and reverse sequences were joined for each sample, and the joined reads were subjected to quality filtering to remove low quality (Phred score < 25) and short reads (< 400 bp). Then, the chimeric sequences were removed using USEARCH (Edgar 2010) within QIIME. The operational taxonomic units (OTUs) picking was performed using the de novo protocol with usearch61 at 97% similarity, followed by the taxonomic assignment using SILVA 128 database (September 2016 release, Quast et al. 2013) . Alpha diversity indices (Chao1, Shannon and Observed species) and Good's coverage were obtained using alpha rarefaction script. Principal coordinate analysis (PCoA) of mucosa-and digesta-associated microbial profiles was conducted based on the Bray-Curtis dissimilarity matrix.
Statistical analyses
For the bacterial taxonomy, only taxa with the relative abundance >0.05% (>10 reads per sample) and present in more than half of the total animals at least within each colostrum treatment group or age group were defined as detectable and were used for comparison analysis. The effect of colostrum treatment on the relative abundance of the detected bacterial taxa (amplicon sequencing) was compared using non-parametric Wilcoxon rank-sum test in R (3.3.1). Additionally, the density of four bacterial groups (based on qPCR) was first transformed to obtain a normal distribution using arcsine square root transformation and then the transformed data were analysed using ANOVA. Changes in bacterial taxa (amplicon sequencing) among different time point under different colostrum treatments (NC, FC and HC) were tested using nonparametric Kruskal-Wallis test statistical method in R (3.3.1). The significant difference among two different age groups was tested using Dunn's test in R (3.3.1). The P-value (both for amplicon sequencing and qPCR data) was adjusted with Benjamini-Hochberg approach for false discovery rate (FDR) with statistical significances declared at P < 0.05 and tendencies at 0.05 ≤ P < 0.10.
Nucleotide sequence accession numbers
Raw sequences were deposited in NCBI sequence read archive (SRA) under the accession number SRP102324 and SRP102363.
RESULTS
General sequencing stats
Amplicon sequencing generated 447 481 high quality sequences in total. There were 12 430 ± 1104 sequences per mucosal sample with the Good's coverage ranging from 0.99 -1; and there were 20 304 ± 1233 sequences per digesta sample with Good's coverage ranging from 0.994 to 0.999.
Diversity of the colon microbiota during the first 12 h of life
When the diversity indices of colon microbiota were compared, Chao 1, Shannon and number of observed species tended to be higher in digesta-associated bacterial community in the colon of FC fed calves than that of NC calves at 12 h after birth, with no significant difference found for mucosa-associated bacterial communities (Table 1) . Similarly, Chao 1 index and number of observed species of both mucosa and digesta were tentatively higher in the colon digesta of HC fed calves compared to that in NC treatment at 12 h after birth (Table 1) . Moreover, no difference was found in the diversity indices (Chao 1, Shannon and number of observed species) between FC and HC fed calves. When the bacterial profiles were compared, PCoA plot showed no clear separation in both mucosa and digestaassociated bacterial community among three colostrum treatments (NC, FC and HC) ( Supplementary Fig. 1 ). Meanwhile, no separation was found when comparing the mucosa and digesta associated microbial profiles at different time points (6 and 12 h) ( Supplementary Fig. 2 ).
Taxonomic assessment of neonatal calves during the first 12 h of life
In total, 10 bacterial phyla (Acidobacteria, Actinobacteria, Bacteroidetes, Chloroflexi, Cyanobacteria, Firmicutes, Planctomycetes, Proteobacteria, Saccharibacteria and Spirochaetae) were identified from the mucosa-associated bacterial community at 6 h of life regardless of colostrum treatment. However, only six phyla (Acidobacteria, Actinobacteria, Bacteroidetes, Cyanobacteria, Firmicutes and Proteobacteria) were identified at 12 h (Supplementary Dataset 1). In addition, 54 and 32 bacterial families were identified at 6 h and 12 h ( Fig. 1A and B), respectively, with Burkholderiaceae, Enterobacteriaceae and Acidobacteriaceae being the top three families at 6 h, and Enterobacteriaceae, Clostridiaceae 1 and Enterococcaceae being the top three families at 12 h (Supplementary Dataset 2). Moreover, 105 and 72 genera were identified at 6 h and 12 h respectively, with Burkholderia-Paraburkholderia and Escherichia-Shigella being the predominant genera at 6 h, and Escherichia-Shigella, Clostridium sensu stricto 1 being the dominant genera at 12 h (Supplementary Dataset 3). For digesta-associated bacteria, nine phyla (Acidobacteria, Actinobacteria, Bacteroidetes, Cyanobacteria, Chloroflexi, Fibrobacteres, Firmicutes, Proteobacteria and Spirochaetae) were identified at 6 h after birth while only eight phyla excluding Bacteroidetes were identified at 12 h, regardless of colostrum treatment (Supplementary Dataset 4). There were 35 families identified at 6 h ( Fig. 1C) , with Enterobacteriaceae, Burkholderiaceae and Clostridiaceae 1 being the predominant families (Supplementary Dataset Table 1 . Effect of non-heated and heated colostrum feeding on bacterial diversity and richness of colon during the first 12 h of life (mean ± SEM). 5) and 25 bacterial families were identified at 12 h ( Fig. 1D) , with Enterobacteriaceae, Clostridiaceae 1 and Lachnospiraceae being the top three families (Supplementary Dataset 5). In total, 72 and 54 genera were identified at 6 h and 12 h respectively, with Escherichia-Shigella and Burkholderia-Paraburkholderia being the top two genera at 6 h, and Escherichia-Shigella, Clostridium sensu stricto 1 were the predominant bacteria at 12 h (Supplementary Dataset 6).
Effect of non-heated colostrum feeding (FC vs. NC) on taxonomic composition of colon microbiota during the first 12 h of life
When the colon mucosa-associated bacteria were compared between FC and NC at both 6 h and 12 h after birth, respectively, FC did not affect the bacterial community at both family and genus levels ( Table 2; Supplementary Table 2 ). For digestaassociated microbiota, the relative abundance of an unclassified genus from Peptostreptococcaceae family tended to be lower in colon of FC fed claves compared to that in NC calves (P = 0.09) (Supplementary Table 2 ) at 6 h after birth. The relative abundances of Lactococcus (P = 0.01), Citrobacter (P = 0.01), Enterobacter (P = 0.01), Pantoea (P = 0.01), Salmonella (P = 0.01) and Pseudomonas (P = 0.01) were higher in the colon of FC fed calves than those with NC feeding at 12 h after birth (Supplementary Table 2 ).
Effect of heated colostrum feeding (HC vs. NC) on taxonomic composition of colon microbiota during the first 12 h of life
For the mucosa-associated bacteria, the relative abundances of Clostridiaceae 1 (P = 0.08) and Enterococcaceae (P = 0.05) were tentatively lower in the colon of HC fed calves compared to those in NC calves at 6 h after birth (Table 2 ; Fig. 1A ). When the bacterial abundance at 12 h of life were compared, the relative abundances of Burkholderiaceae (P = 0.05) and Xanthomonadaceae (P = 0.05) tended to be higher, while the relative abundances of Enterobacteriaceae (P = 0.05) tended to be lower in the colon of HC fed calves than calves in NC treatment group (Table 2 ; Fig. 1B) .
Meanwhile, the relative abundances of mucosa-associated Clostridium sensu stricto 1 (P = 0.06) and Enterococcus (P = 0.06) genera were tentatively lower in the colon of HC fed calves compared to those in NC calves at 6 h after birth (Supplementary  Table 2 ). When the bacterial abundance at 12 h of life were compared, and the relative abundances of Clostridium sensu stricto 1 (P = 0.08), Peptoclostridium (P = 0.08), Lactococcus (P = 0.08) and Streptococcus (P = 0.07), Burkholderia-Paraburkholderia (P = 0.06), Cupriavidus (P = 0.06) and Stenotrophomonas (P = 0.06) genera tended to be higher, while the relative abundance of Escherichia-Shigella (P = 0.06) tended to be lower in the colon of HC fed calves than calves in NC treatment group (Supplementary Table 2 ).
For digesta-associated bacterial community, the relative abundance of Fibrobacteraceae (P = 0.05) was tentatively lower at 6 h after birth, while the relative abundance of Pseudomonadaceae (P = 0.05) and Lachnospiraceae UCG-009 (P = 0.02) were higher at 12 h after birth in the colon of HC fed calves compared to those in NC calves (Table 2 ; Fig. 1C and D) . In addition, the relative abundance of Fibrobacter genera (P = 0.03) was lower at 6 h after birth, while the relative abundances of Epulopiscium (P = 0.06), Lactococus (P = 0.06) genera were tentatively higher, and those of Citrobacter (P = 0.02), Enterobacter (P = 0.02), Pantoea (P = 0.02), Salmonella (P = 0.02) and Pseudomonas (P = 0.02) genera were significantly higher at 12 h after birth in the colon of HC fed calves compared to those in NC calves (Supplementary Table 2) .
Effect of colostrum feeding treatment (HC vs. FC) on taxonomic composition of colon microbiota during the first 12 h of life
When the bacterial abundance at 6 h of life were compared between HC and FC feeding, the relative abundance of Enterococcus (P = 0.06) in mucosa-associated community and the relative abundances of Fibrobacter (P = 0.08) and Salmonella (P = 0.08) were tentatively lower in the digesta-associated community in the colon of HC fed claves than those fed FC (Supplementary Table  2) . At 12 h after birth, there was no colostrum treatment effect on the mucosa-associated bacteria at both family and genus levels ( Table 2; Supplementary Table 2) , while the relative abundances of Enterobacter (P = 0.09) and Salmonella (P = 0.09) were tentatively lower in the digesta-associated community in the colon of calves fed HC compared to those fed FC (Supplementary Table 2 ).
Variations in the bacterial abundances in response to colostrum feeding strategies detected by quantitative PCR
PCA plot based on copy number of 16S rRNA genes (measured by qPCR) showed a clear separation of four selected bacterial groups in colon mucosa ( Fig. 2A and C) and digesta ( Fig. 2B and D ) among treatments at 6 h and at 12 h. The length of the vectors in PCA plot indicated that Bifidobacterium and Clostridium cluster XIVa were the predominant bacterial groups, followed by F.
prausnitzii and E. coli, in both colon mucosa and digesta communities. When the bacterial abundances were compared, the proportion of Bifidobacterium and Clostridium cluster XIVa were higher, while the proportion of E. coli was lower in the colon of calves fed FC than those fed NC during the first 12 h after birth (Table 3) . Similarly, the proportions of mucosa and digestaattached Bifidobacterium and Clostridium cluster XIVa were higher, while the proportion of E. coli was lower with HC feeding at both 6 h and 12 h after birth in comparison to NC (Table 3 ). In addition,the proportions of mucosa-associated Bifidobacterium and Clostridium cluster XIVa were higher at 6 h after birth and the proportion of mucosa-associated Bifidobacterium was higher at 12 h after birth, while the proportions of mucosa and digestaattached and E. coli and total bacterial copy numbers were lower at 12 h after birth in the colon of HC fed calves when compared to those fed FC (Table 3) .
Variations in changing patterns of mucosa-associated microbiota during the first 12 h of life
To further identify how the microbiota shifted during the first 12 h of life and how the colostrum feeding affected such shift, we compared the changing pattern of 16S rRNA gene copy number of total bacteria, the relative abundances of major bacterial phylum and genera using data from newborn calves (0 h, obtained from Song et al. 2018) , 6 h and 12 h. Total bacterial population had different changing patterns under NC compared to those under FC and HC, but it was similar between FC and HC fed calves (Fig. 3A) . In addition, the relative abundance of Bacteroidetes phylum changed in the same way from 0 h to 12 h under both FC and HC treatments. However, the shift patterns of the relative abundances of predominant phyla Firmicutes and Proteobacteria varied differently during the first 12 h after birth under different colostrum treatments (NC, FC and HC) (Fig. 3B) . Moreover, the relative abundance of the most predominant bacterial genera Escherichia-Shigella numerically decreased first from 0 h to 6 h, and then increased significantly from 6 h to 12 h in the colon of both FC and HC fed calves, while it kept increasing from 0 h to 12 h in the colon of NC calves (Fig. 3C) .
DISCUSSION
This study assessed the shift of the bacterial population and the relative abundance of the major bacterial genera in the colon of neonatal calves during the first 12 h of life, which is more dynamic than those at the older ages during the pre-weaning period (Oikonomou et al. 2013; Song et al. 2018) . The rapid changes of bacterial composition may be related to the intestinal environment (e.g. existence of oxygen, pH), the time of the availability of nutrients and host adaptation. Mucosa-associated Bacteroidetes is one of the predominant phyla (28.34 ± 2.74%) in the colon of the newborn calves (Song et al. 2018) , but it was less than 1% at 6 h and 12 h of life. The significant lower mucosaassociated Bacteroidetes may be due to microbial adaptation to the surrounding environment and nutrients, as well as the competition with other phyla (e.g. high abundance of Proteobacteria) for the colonization niche at the stage of life. Additionally, Enterobacteriaceae was the most predominant family at all time points (0 , 6 and 12 h; the present study for 6 and 12 h, and Song et al. 2018 for 0 h). The colonization of facultative anaerobic Enterobacteriaceae spp. has been reported to utilize the intestinal oxygen during early life, which could provide an environment for the obligate anaerobic bacteria to grow (Favier et al. 2002) . Therefore, higher relative abundance of Enterobacteriaceae during early life is related to the important function of the members belong to this family. In addition to the well-known bacterial phyla (Bacteroidetes, Firmicutes and Proteobacteria), Cyanobacteria, the phylum that usually achieves their energy through photosynthesis, was detected in the colon of neonatal calves. In the past decade, many papers have reported the presence of Cyanobacteria in the mammalian, such as in the gut of human (Ley et al. 2005; Di Rienzi et al. 2013) and rumen of cattle (Neves et al. 2017; Schären et al. 2017) . The 'gut Cyanobacteria' was hypothesised to be a non-photosynthetic descendants of Cyanobacteria, which was adapted to the gut environment (Ley et al. 2005) . The genomic analysis revealed that gut Cyanobacteria are highly conserved but they do differ from the photosynthetic Cyanobacteria, whose members are lack of photosynthetic capability but are capable of fermenting a range of sugars (e.g. glucose, fructose, sorbitol) and producing acetate and butyrate under anaerobic conditions (Soo et al. 2014) . The researchers also proposed a new candidate class called Melainabacteria for gut Cyanobacteria within this phylum. From our dataset, part of the sequences identified as Cyanobacteria was belonged to Melainabacteria class (Supplementary Dataset 2), suggesting that non-photosynthesizing Cyanobacteria may be the natural colonizers as seen in human gut which could remove oxygen from gut environment and provide energy for the neonatal calves (Ley et al. 2005; Soo et al. 2014) . The source of this coloniser may be from the contact with maternal faeces in the anus area during the birthing process. However, whether these taxa colonize the ruminant gut through the life time, as well as their functions in the gut warrant further investigations.
To gain a better understanding on the bacterial colonization through the gastrointestinal tract during the first 12 h of life, we further compared the bacterial population in the colon with those detected in the small intestine of the same animals (data were obtained from Malmuthuge et al. 2015) . Significant higher total bacterial population (estimated by copy number of 16S rRNA gene) in the colon (1.71 ± 0.61 × 10 12 copy number of 16S rRNA gene/g tissue and 2.90 ± 0.82 × 10 12 copy number of 16S rRNA gene/g digesta) were found when compared to small intestine (8.20 ± 2.40 × 10 9 copy number of 16S rRNA gene/g tissue and 1.50 ± 0.80 × 10 10 copy number of 16S rRNA gene/g digesta),
which is similar to the findings in a human study (Walter and Ley 2011) , suggesting that large intestinal environment is more suitable for microbial colonization compared to small intestinal regions during the first 12 h of life. In addition, the observed higher mucosa and digesta-associated total bacterial densities in the ileum and colon of FC fed calves than NC calves at 12 h of life indicate that colostrum could enhance microbial colonization in the gut. Bacterial population and bacterial diversity have been reported to be related to pups mucosal and systemic immune responses (Lamousé-Smith, Tzeng and Starnbach 2011) and immune system balance (Cahenzli et al. 2013) in mice. Therefore, we speculated that FC and HC feeding may enhance immune system development in the colon of neonatal calves because of the higher mucosa and digesta-associated bacterial population and the tendency of higher digesta-associated bacterial diversity (Chao 1, Shannon and observed species) at 12 h.
Future studies are needed to investigate how the gut immune function could be affected by the colostrum feeding and whether the observed altered microbiota and/or or diversity indices also contribute to the host immune function changes. Bifidobacterium is a commonly recognized probiotic, which plays an important role in host (humans and mice) immune system development (Paineau et al. 2008; Hougee et al. 2010) and antimicrobial activities (Servin 2004) . Bifidobacterium was not detected in the colostrum (Malmuthuge et al. 2015) that was used to feed the calves in the current study, indicating the observed higher Bifidobacterium in the colon of FC and HC fed calves is facilitated by colostrum feeding. Oligosaccharide, one of the bioactive components in bovine colostrum, has been reported to stimulate the growth of Bifidobacterium (Ward et al. 2007) , and this may explain the higher prevalence of Bifidobacterium in the colon of both FC and HC fed calves. Additionally, sialylated oligosaccharide, the main oligosaccharide of bovine colostrum, can adhere to the intestinal epithelial cells (Kavanaugh et al. 2013) , at least in part, explaining the higher prevalence of mucosa-associated Bifidobacterium in the colon of colostrum fed calves. In addition, heat treatment was hypothesized to denature the oligosaccharide-protein bond structure, resulting in enriched free oligosaccharide (Neeser, Golliard and Del Vedovo 1991) . Indeed, higher bovine colostrum oligosaccharides (bCOs) was detected in heated colostrum (3511.6 μg/g) than non-heated colostrum (1329.9 μg/g) (Fischer et al. 2018b) , which was used in this study. As bCOs serve as substrates for the growth of Bifidobacterium spp. (Ward et al. 2007) , the lower concentration of bCOs in the colon of HC fed calves (25.60 ± 13.1 μg/g) compared to that of FC fed calves (267.04 ± 125.81 μg/g) (Fischer et al. 2018b ) may explain why the higher prevalence of mucosa and digesta-attached Bifidobacterium in the HC compared with FC at 6 h of life.
In addition, Clostridium cluster XIVa includes many butyrate producing organisms, such as Clostridium, Dorea, Lachnospira, Roseburia, Butyrivibrio (Lopetuso et al. 2013) . Butyrate can regulate gut barrier functions (Wang et al. 2012 ) and immune system development (Arpaia et al. 2013) , meanwhile, it is one of the major energy sources for the growth of colonic cells (Bergman 1990 ). Therefore, the higher abundance of Clostridium cluster XIVa in the colon of FC and HC fed calves suggests potential higher butyrate production in the colon, which can be considered as another beneficial effect of colostrum feeding. In addition, Clostridium cluster XIVa was reported to promote Treg cells accumulation in the colon of mice (Atarashi et al. 2011) , therefore, the higher abundance of Clostridium cluster XIVa in the colon after FC and HC feeding further indicates that colostrum feeding, especially feeding heated colostrum could motivate colon immune system development and barrier function. Additionally, the higher increased fold changes of mucosaassociated Bifidobacterium and Clostridium cluster XIVa at 6 and 12 h (Bifidobacterium-6 h: FC/NC -2.00, HC/NC -2.44; Bifidobacterium-12 h: FC/NC -2.26, HC/NC -2.77; Clostridium cluster XIVa-6 h: FC/NC -7.84, HC/NC -18.64; Clostridium cluster XIVa-12 h: FC/NC -25.13, HC/NC -32.45) in the colon of HC fed calves further highlight the importance of HC feeding in protecting the intestine against pathogens, as well as immune function development when compared to FC feeding (Supplementary Table 3 ). In the future, it is necessary to include the measurement of immune functions related parameters in the colon tissue (e.g. T, B cells density, toll like receptors, barrier functions and so on), and butyrate concentration as well as more phenotypic data for more convincing interpretations.
Benefits of feeding heated colostrum in reducing total bacterial counts Gelsinger et al. 2014) , eliminating pathogens (Godden et al. 2006 ) and increasing IgG absorption ) have been reported. Moreover, heated colostrum was suggested to optimize microbial colonization in the small intestine (Malmuthuge et al. 2015) . The lower relative abundance of Enterobacteriaceae family in the colon of HC fed calves than those in NC and FC animals probably suggests a lower prevalence of colonization of opportunistic pathogens when heated colostrum is fed. Enterobacteriaceae family includes members that belong to pathogenic species, including Salmonella (Zhang et al. 2003) and Escherichia coli S102-9 (Chanter et al. 1986 ), which could cause diarrhea. It is noticeable that higher relative abundance of Salmonella and Pseudomonas (P = 0.01), were found in the colon of FC fed claves comparing to NC calves, suggesting the potential negative effects of non-heated colostrum and the heating could reduce the colonization of these pathogenic organisms. Moreover, Escherichia-shigella genus consists of many Escherichia. coli strains (e.g. Escherichia coli O157:H7) that are related to calf and pig diarrhea (Chanter et al. 1986; Francis, Collins and Duimstra 1986) . Therefore, the lower abundance of this genus in the colon of HC fed calves compared to FC and NC fed calves also suggests that calves fed with HC may have less prevalence of diarrhea caused by these opportunistic pathogens compare to those fed no colostrum and FC. However, both Enterobacteriaceae and Escherichia-shigella include commensal and pathogenic bacterial species, and it is necessary to research if the decrease in Enterobacteriaceae and E. coli density represents the changes in pathogenesis. Future studies to evaluate the shifts in the proportion of pathogenic bacterial specie/strains (e.g. E.coli O157:H7, E. coli S102-9) within them and/pathogenicity associated genes can provide more direct evidence on the role of this family and genus in calf health. Lastly, the different shift patterns of Escherichia-Shigella genus from birth to 12 h after life under different colostrum feeding groups (NC, FC and HC) (Fig. 3C) indicate that colostrum feeding, especially HC feeding shapes the initial microbial colonization towards a host benefiting way. Therefore, based on our above findings, colostrum feeding, especially heated colostrum (60
• C for 60 min) feeding is suggested to be used in dairy farms.
CONCLUSIONS
This study showed that non-heated colostrum feeding (FC vs. NC) shaped several bacterial groups colonization in the colon, including stimulating Clostridium cluster XIVa and Bifidobacterium, and inhibited the colonization of E. coli. Comparing the bacterial communities in the colon of calves fed HC with those fed FC revealed that feeding HC fortifies the effects of colostrum via further reducing the relative abundance of mucosa-associated Enterobacteriaceae and E. coli, and enhancing the abundance of mucosa-associated Bifidobacterium at 12 h of life. Whether such shifts affect the colon microbiota in both short and long terms and these bacterial groups have beneficial and pathogenic activities need future investigations. In the practical setting, it is difficult to control potentially pathogenic contamination of colostrum during collection, storage and transportation. Therefore, the heat treatment (60 • C, 60 min) is a valid management to reduce the potential pathogen and enhance the beneficial bacteria colonization in the colon, which can improve calf gut health and potentially overall health. Overall, our results suggest that non-heated colostrum feeding shapes the colon microbiota to have higher abundance of beneficial and lower chance of opportunistic pathogenic organisms, which may play an important role in enhancing gut health of neonatal dairy calves, with heat treatment having more significant benefit.
